The kinetics of Pt-catalyzed ammonia oxidation on polycrystalline Pt were investigated at partial pressures of ammonia and oxygen up to 6 kPa and temperatures between 286 and 385
Introduction
The selective oxidation of ammonia to NO over Pt-containing alloy gauzes is applied in the industrial production of nitric acid. While nitric oxide is the main product of ammonia oxidation at high temperatures (>500 • C), N 2 formation dominates below ca. 300 • C. Depending on pressure (>10 Pa), small amounts of nitrous oxide are formed as byproduct. The kinetics of Ptcatalyzed ammonia oxidation are complex and were studied repeatedly, but a common understanding has not been reached yet, also due to experimental difficulties.
The difficulties in studying ammonia oxidation experimentally arise from the fact that the reaction is fast, highly exothermic and induces restructuring of the catalyst surface. Accordingly, problems were encountered with respect to mass and heat transfer, and hence, with temperature control (ignition on Pt black, Pt/Al 2 O 3 [1] and Pt wire [2, 3] ). Different solutions for temperature-control were proposed and implemented:
(a) reducing the reaction rate by decreasing reactant pressure, (b) reducing the reaction rate by decreasing temperature (c) improving heat transfer applying micro-structured reactors.
(a) Decreasing the partial pressure of reactants lowers reaction rates, resulting in lower heat generation on the catalyst surface. The drawback is that no information on N 2 O formation can be derived in such experiments, since nitrous oxide was not detected in most studies carried out in ultra-high vacuum. Hence, kinetic models derived from low-pressure measurements were often limited to simplified explicit rate expressions for the rate of NO formation [4, 5] , or of N 2 and NO formation [2, 6, 7] . Recently, Scheibe et al. developed a micro-kinetic model based on available mechanistic information and rate measurements over stepped Pt single crystals at pressures below 10 −2 Pa [8] [9] [10] , but they also accounted only for rates of NO and N 2 formation. (b) The second approach for solving the problem of temperature control in the catalytic ammonia oxidation is a decrease of reaction temperature while keeping partial pressures in the kPa range; hereby reaction rates are reduced, and hence also the heat generation on the catalyst surface. Respective studies were limited to temperatures below 300 • C [1, [11] [12] [13] , and therefore no [1, 13] ; Pt wire: [11, 12] ). (c) Rebrov et al. extended the range of temperaturecontrolled ammonia oxidation near atmospheric pressure to 360 • C applying micro-structured reactors ( [14] [15] [16] ), which are known for their inherently good heat removal. The authors tested different reactors [14] and measured ammonia conversion and product selectivity at various temperatures [15, 16] . Based on the data and on assumed elementary reaction steps from literature for model systems, a micro-kinetic model was proposed for ammonia oxidation on alumina-supported Pt.
The literature presented above shows that the best way to assure temperature control in catalytic ammonia oxidation is the application of micro-structured reactors. Moreover, only two micro-kinetic models have been published so far for Ptcatalyzed ammonia oxidation by Scheibe et al. [9, 10] (Pt(5 3 3)) and Rebrov et al. [15, 16] (Pt/Al 2 O 3 ), but a comprehensive model for the poly-crystalline materials relevant for industrial application does not exist. The two published models are assessed in detail below.
Scheibe [8] and Scheibe et al. [9] investigated ammonia oxidation over Pt (5 3 3) and Pt(4 4 3) at pressures of 10 −3 to 10 −2 Pa in a differential reactor. The rates of NO and N 2 formation were recorded in temperature-programmed ammonia oxidation (150-700 • C), and during partial pressure variation at 250-350 • C. One micro-kinetic model was proposed and fitted to the steady-state data [10] . The model contained 11 elementary reactions and one lumped reaction step describing activation of the adsorbed ammonia molecules by atomic oxygen. The lumping of the ammonia activation step was rationalized by a lack of information on the kinetics of stepwise NH x dehydrogenation. The model described the influence of temperature on the rates of formation of NO and N 2 well, but the influence of feed composition was not equally well captured. Due to the low pressure and a differential reactor, the model neither described the formation of N 2 O, nor the influence of secondary reactions. Moreover, experimentally observed hysteresis behavior and surface restructuring were not accounted for [8] .
Rebrov et al. presented the first kinetic study of ammonia oxidation that took into account the formation of N 2 , N 2 O and NO [15, 16] . Formation of these products was investigated between 240 and 360 • C and close to atmospheric pressure [15, 16] . Ignition was avoided by using a micro-structured reactor made of aluminum plates [15] , where the channel walls were converted to Al 2 O 3 (∼25 m) and loaded with Pt via impregnation. A mixture of ammonia and oxygen was fed to the reactor at different partial pressures and temperatures, and formation of N 2 and N 2 O was followed by GC. Measurements were carried out at high conversion, i.e. complete ammonia conversion was reached around 300 • C, the same temperature at which the onset of NO production was inferred from the nitrogen mass-balance. The kinetic model was developed based on earlier studies of kinetics and mechanism on Pt single crystals, assuming adsorption sites and reactions steps on supported Pt/Al 2 O 3 to be similar to those on a Pt(1 0 0) model surface. The better of two tested kinetic models described NH 3 conversion, N 2 selectivity and N 2 O selectivity using 12 elementary reaction steps and one lumped reaction of ammonia activation. The models ability to describe secondary reactions was limited to decomposition of N 2 O, since re-adsorption of the product NO was excluded from the set of reactions. Moreover, although catalytic activity changed in the initial time-on-stream, the catalyst was not characterized after reaction. Hence, respective reaction-induced changes of the surface of Pt/Al 2 O 3 catalyst were not elucidated. Since Sobczyk [17] and van den Broek [18] reported that supported and non-supported Pt differ in activity and deactivation behavior in the low-temperature ammonia oxidation, the kinetic model for Pt/Al 2 O 3 is not necessarily valid for polycrystalline materials such as Pt gauzes.
As evidenced by the cited kinetic models of ammonia oxidation, kinetics do not exist so far for the technically relevant polycrystalline catalyst under conditions were all three nitrogencontaining products NO, N 2 and NO are formed. Moreover, studies for the reaction over single crystals [9, 10] and supported catalysts [16] are deficient: Problems were encountered to establish a defined steady state, and although reaction-induced changes of the Pt surface were presumed to be responsible, the surface of the catalyst was not characterized after kinetic measurements. Moreover, one model [10] did not describe formation of the product N 2 O nor secondary reactions, while the other study [16] had to refer to the nitrogen balance in order to estimate the amount of produced nitric oxide.
The aim of the present investigation was to overcome the discussed limitations, and to develop a micro-kinetic model for ammonia oxidation on polycrystalline Pt. Reaction kinetics were studied under conditions where significant amounts of all the nitrogen-containing products N 2 , N 2 O and NO are formed. Moreover, the relevance of secondary reactions was tested experimentally by adding reaction products to the feed of ammonia and oxygen. The experimental data were used to develop different micro-kinetic models at reactant partial pressures up to 6 kPa, from which the best-fitting model was identified via modeldiscrimination. In addition, the Pt surface was characterized before and after kinetic measurements to elucidate a possible influence of reaction-induced changes of the Pt surface on the measured kinetic data. Finally, the model was extrapolated to conditions of an industrial ammonia burner to verify computed selectivities against real values.
Experimental
Kinetics of catalytic ammonia oxidation were studied on samples of Pt foil mounted in a micro-structured quartz reactor. Section 2 of the present publication describes the catalyst (Section 2.1), the reactor (Section 2.2), the methodology of kinetic measurements, modeling and model discrimination (Section 2.3), and finally the catalyst characterization (Section 2.4).
Catalyst
Pt thin-foil with a purity of 99.95% supplied by Alfa Aesar (Ward Hill, MA, USA) was used as catalyst without any catalyst pretreatment. Nominal thickness of the foil amounted to 4 m. Images of the fresh catalyst taken by scanning electron microscopy ( Fig. 1) show a smooth surface with few small scratches and holes. XPS spectra (not shown) indicated that the surface of fresh Pt foil featured the expected peaks characteristic for platinum, carbon and oxygen species. 
Reactor
The reactor applied in the kinetic measurements has been presented before in detail [19, 20] . Briefly, the reactor shown in Fig. 2 consisted of a stack of quartz-plates, two heating elements, two thermocouples, and screws and clamps to achieve sealing. Two hollow screws were mounted via holes drilled through the stack to link gas supply and gas analytics to the reactor. The middle plate carried two micro-structured reaction-channels, each 500 m wide and 300 m deep. On the upper side of the channels, the catalyst Pt thin-foil was placed. Most of the surface of the foil samples was covered by the reactor wall. Hence, only two small areas of the foil were exposed to reactants with a surface area in the order of 2 mm 2 (2 × 500 m × 2 mm). The catalysts thickness (4 m) was negligible in comparison to the dimensions of reaction channels and the reactor. A top plate sealed the reaction channels and held the catalyst in position. The flat geometry offered the largest possible contact area between Pt foil and reactor wall, assuring optimal heat dissipation from the catalyst. Temperature was measured from the top plate with a thermocouple located less than 200 m from the back of the catalyst.
Premixed gases were continuously dosed to the reactor via electronic mass flow controllers for NH 3 2 , using 10% of Ne as internal standard. Rates (in mol m −2 s −1 ) were derived from the differences in inlet and outlet flow (c o − c exit ) ×V assuming differential reactor operation, ideal gas law and negligible changes of volumetric flow rate:
Since the surface area A cat of the catalyst was too low to be measured by adsorption methods, the concentration changes were related to the surface area of flat Pt. The validity of assuming reactor operation in differential mode was assured by measuring kinetic data at conversions below 11%, i.e. changes of concentration over the reactor were small. Blank activity of the reactor was negligible up to 700 • C. Moreover, the kinetic regime was verified for the actual reaction conditions by replacing the diluting gas Ar with He, thus varying diffusion coefficients and hence, mass transfer coefficients [20] . Negligible deviation between reaction rates measured in Ar and He indicated prevalence of the kinetic regime up to 385 • C [21] . The error of product quantification, estimated for temperatures of 286, 330, 374 and 385 • C from replicate measurements, amounted to reasonable values between 4.4 and 13.4%, depending on evaluated gas-phase species and reaction conditions.
Methodology
In the following sections, the methodology applied in the kinetic study is illustrated considering (1) design of experiments, (2) the experimental procedure, and (3) the kinetic modeling.
Design of experiments
Kinetic data were measured in the reactor operated in differential mode, applying a strategy proposed by Froment and Bishoff [22] : Interactions of "pure feed" (NH 3 , O 2 ) with the catalyst at low conversion were studied first, assuming that the resulting concentration of products in the gas phase is small. Thereafter, product interactions were investigated supplying "mixed feed" to the catalyst, i.e. pure feed (NH 3 + O 2 ) mixed with one of the reaction products (N 2 O, NO).
The investigated parameters comprised the feed composition (p NH 3 , p O 2 , p NO , p N 2 O ) and temperature. Pure and mixed feeds were studied at temperatures of 286, 330, 374 and 385 • C, where the upper temperature limit was imposed by mass-transfer limitation [21] . The reaction products nitric and nitrous oxide undergo secondary reactions, and were therefore included in the studies of mixed-feed. Since the dissociation of N 2 is not catalyzed by platinum, and water was the only hydrogen-containing product observed, secondary reactions of both N 2 and H 2 O were negligible. Moreover, recent kinetic studies reported negligible surface coverages for both species [10, 16] under reaction conditions.
In order to maximize the information contained in the kinetic data, experimental points were distributed according to standard designs-of-experiment [23] : Since nitrogen formation is favored in ammonia excess and NO production occurs only in oxygen excess, a wide range of ratios NH 3 :O 2 was covered (p NH 3 : p O 2 = 1:6 to 6:1), combining a three-level full factorial design with mono-variant responses around a central point (p NH 3 : p O 2 = 3:3 kPa). Replicate measurements were carried out at the corners of the chosen parameter space to provide a balanced estimate of the experimental error variance for all three nitrogen-containing products N 2 , N 2 O and NO [24] .
The influence of adding the reaction products NO and N 2 O to the feed containing ammonia and oxygen was studied with an experimental design similar to a Box-Behnken design, re-using already measured points of pure feed (p NO = p N 2 O = 0 kPa). 
Experimental procedure
Steady-state kinetics of catalytic ammonia oxidation were measured on four different samples of Pt foil, starting with a fresh catalyst sample at each investigated temperature. Initially, the reactor was flushed at room temperature, followed by admission of a standard feed mixture (250 ml/min STP; 3 kPa NH 3 , 4.5 kPa O 2 ) to the bypass. Thereafter, the feed gas was switched to the reactor. The reactor was then heated to the desired temperature level in order to equilibrate the fresh catalyst to reaction conditions for 14 h time-on-stream, where an initial period of catalyst activation was observed. After reaching stable activity, product gas composition was recorded at the various conditions given by the experimental design in the order "pure feed", influence of contact time (to verify differential reactor operation), replicate runs (for error estimates), and "mixed feed" (see [21] for complete data). Product composition was measured for at least 15 min at each condition: concentrations were usually constant after 5 min. At the end of each experiment the standard feed mixture was re-measured at reaction temperature and in bypass to test for further catalyst activation and QMS drift, respectively. Values for the overall change in activity during acquisition of kinetic data were about 11%, hence steady-state can be assumed. Temperature and pressure were held constant throughout each experiment.
Kinetic modeling
Using mechanistic and kinetic information available in literature, elementary reaction steps were proposed to account for the reaction paths, and the respective kinetic equations were deduced. Three kinetic models as listed in Section 4 were tested, which were based on published kinetic studies of Scheibe et al. [9, 10] and Rebrov et al. [16] , as well as an improved model suggested by the present authors. The parameters of each model were adjusted to minimize the deviation between measured and simulated rate data at all four temperatures, using 52 different sets of rate data for the NH 3 -O 2 interaction, and additional 28 data sets for the NH 3 -O 2 -NO interactions. Thereafter, the models were discriminated by their ability to describe the kinetic data qualitatively and quantitatively (via F-test).
For kinetic modeling and optimization of kinetic parameters, a Fortran program and a strategy reported by Wolf and Moros [25] were applied. Briefly summarized, a so-called genetic algorithm searched for the global minimum of a residual function by systematically varying the values for kinetic pre-factors and activation energies in a constrained meaningful range. The initial solutions derived from the genetic algorithm were then further refined applying the gradientless Nelder-Mead method [26] that shows better performance in the near-optimum region [25] .
To reduce the correlation between activation energies and pre-exponential terms, the temperatures were centered around an intermediate reference temperature, T ref , of 385 • C [27] :
The rate expressions for all reaction steps are given by a set of equations
with Θ k surface coverage of species k, r j the rate of reaction j, ν k,j the stoichiometric coefficient of species k in reaction j, p i the partial pressure of species i and n k,j as the reaction order with respect to species k in reaction j, from which the experimentally observable rates of product formation of a gas-phase species i, R i , were computed as the difference between the respective rates of desorption and adsorption of a product species
The residual function ("RESF") which was minimized during the search for optimized kinetic constants was computed from the sum of squared deviations of the rates of product formation, R i , corrected by weights w that account for the different total amounts of each product formed at different temperatures [23] :
with n is the number of the measurement, i the chemical species i and w as the weights. The optimization algorithm was implemented in Fortran 77 with Compaq Visual FORTRAN 6.6. Code for the genetic algorithm, written by Wolf and Moros [25] , for the Nelder-Mead algorithm from Numerical Recipies [28] , and the integration routine D02HBF from the Numerical Algorithm Group (NAG) [29] were used. Steady-state coverages of the surface were computed numerically.
The best-fitting solution of each model was considered in the model discrimination procedure. First, models that did not describe the experimentally observed trends were discarded. The remaining models were compared to each other based on their lack-of-fit. Moreover, to evaluate if the respective differences in modeling quality were significant, models were also compared applying an F-test on a confidence level of (1 − α) = 99% (Table 4) .
Catalyst characterization
The surface morphology of Pt catalyst was studied by scanning electron microscopy (SEM). Images were recorded on a Hitachi-S4000 equipped with FEG (cold) in SE mode. An energy-dispersive analyzer (DX 4, EDAX Inc.) equipped with Li-doped Si crystals was attached to the SEM for element analysis (EDX). Electron accelerating voltage for images and spectra was 15 kV.
Steady-state kinetic data: influence of reaction conditions on rates of product formation
The experimental results of kinetic measurements are presented with respect to how the rates of formation of N 2 , N 2 O and NO were influenced by (1) temperature, (2) the feed composition, i.e. the partial pressures of oxygen and ammonia, and (3) the amounts of NO and N 2 O added to a feed containing oxygen and ammonia.
Effect of temperature on reaction rates
The influence of temperature on the rate of formation of N 2 , N 2 O and NO is shown in Fig. 3d for the case of oxygen excess; in ammonia excess nitrogen is formed almost exclusively. The main reaction product was N 2 (Fig. 3d) , with an increasing rate of formation at higher temperatures. A second product detected in the whole temperature range was nitrous oxide. Finally, production of NO was observed only above 330 • C. Formation of all products increased with temperature, with the increase in formation of N 2 and N 2 O leveling off at the maximum temperature in favor of higher NO production.
The observed influence of temperature on product distribution agrees well with published data for other Pt catalysts and pressure ranges; nitrogen was previously reported to be the main product at low temperatures in ammonia excess, and a maximum for the rate of N 2 formation was found at 200-400 • C, depending on the pressure [19, 30, 31] . Moreover, the side product N 2 O was reported to be formed at pressures above 6-160 Pa [19, 32] , with an expected maximum for the rate of N 2 O formation around 300-500 • C [16, 19, 33] . NO production was previously found to start at ca. 200-300 • C (depending on pressure), and to increase with temperature [16, 19, 30, 31] . The observation of NO formation only above 330 • C allows to dividing the present experimental data for further discussion into a high-temperature reaction regime with formation of NO (374, 385 • C), and a lowtemperature regime with exclusive N 2 and N 2 O production (286, 330 • C).
Partial pressure of oxygen and ammonia
The influence of the partial pressures of oxygen and ammonia on the rates of formation of N 2 , N 2 O and NO is illustrated in Fig. 3a-c for 385 • C, i.e. representative for the temperature regime where NO is formed as a product. The rate of N 2 formation increased with partial pressures of ammonia as well as oxygen (Fig. 3a) . In excess of one component, the N 2 production reached a constant value, either at the maximum level or slightly below (e.g. Fig. 3a {p NH 3 = 1 kPa, p O 2 = 1-6 kPa} and {p O 2 = 1 kPa, p NH 3 = 1-6 kPa}). In contrast, N 2 O production increased with the oxygen content of the feed, but decreased in ammonia excess. The initial increase of R N 2 O with p O 2 was almost linear, but the slope of the respective curves decreased in larger oxygen excess (Fig. 3b) . Production of significant amounts of NO required excess of oxygen (Fig. 3c) . Accordingly, NO formation increased with the O 2 to NH 3 ratio, with an almost linear dependence on the oxygen partial pressure in excess of oxygen. The influence of feed composition on product formation at other temperatures was similar to that shown in Fig. 3a -c, with the difference that NO was not formed in the low-temperature regime. It has to be noted that for all temperatures the rate of ammonia consumption decreased neither in large oxygen excess, nor in large ammonia excess. Since the products of ammonia oxidation are formed from adsorbed oxygen and NH x species (see Section 4), a competition between oxygen and ammonia for adsorption sites is unlikely.
The observed influence of partial pressures of oxygen and ammonia on rates of formation of N 2 and NO agrees qualitatively with previously reported data for flow experiments at low pressure [9, 19, 30] and atmospheric pressure [15, 16] . Compared to the data of Rebrov et al. [15, 16] , who studied the effect of varying feed composition on selectivity towards N 2 O at almost complete ammonia conversion (X NH 3 = 80-100%), the changes of R N 2 O with feed composition are much more pronounced in the present data. The differences may be due to the fact that the NH 3 to O 2 ratio was varied in a wider range in the present study, and that rate data were measured at conversions significantly below 80%.
Partial pressure of NO and N 2 O
The presence of the reaction products N 2 O and NO in the ammonia-oxygen-feed can change the rate of formation of all products due to secondary reactions with feed molecules or competition for adsorption sites. Representative examples for the measured rates of product formation when adding different amounts of N 2 O and NO to a feed containing 3 kPa NH 3 and 3 kPa O 2 are shown in Figs. 4 and 5 for the low-temperature and the high-temperature regime, respectively.
As illustrated by Fig. 4 , the influence of adding N 2 O induced negligible changes on the formation of the other products in the whole temperature range. In contrast, adding nitric oxide changed the product formation markedly (Fig. 5) . In the lowtemperature regime (Fig. 5a) , i.e. in absence of NO formation, the additional NO drastically decreased the rate of N 2 formation, but increased the formation of N 2 O. Product distribution in the regime of NO formation (374 and 385 • C) changed only slightly when NO was added, responding with a minimal increase in N 2 formation as well as a somewhat higher rate of N 2 O formation (Fig. 5b) .
The negligible influence of N 2 O on product formation in ammonia oxidation indicates that molecular adsorption of N 2 O is weak, and hence, N 2 O does not block adsorption sites on the catalyst surface. It also indicates that dissociative N 2 O adsorption, observed for Pt-SiO 2 and Pt-C near room temperature [34] [35] [36] , does not occur at a significant rate under conditions of ammonia oxidation, i.e. in the presence of oxygen. Thus, secondary reactions involving N 2 O can be neglected for the experimental conditions of the present study.
In contrast, the rate of ammonia consumption was decreased by nitric oxide at 286 and 330 • C (Fig. 5a ). Such inhibition of ammonia oxidation must be reflected in a kinetic model, and is possibly explained by site blocking on the Pt surface due to strongly adsorbed NO molecules. The idea of strong NO adsorption is consistent with the reported desorption temperature of nitric oxide in vacuum, ca. 70-230 • C [37] [38] [39] [40] , and suggests that a term for NO adsorption should be included into respective kinetic models. With increasing temperature of ammonia oxidation, the rate of NO desorption increases, and hence the associated site blocking becomes less evident. The experimental data are in agreement with the qualitative observation of Katona et al. [41] that ammonia oxidation, studied in batch experiments over Pt foil at 220 • C, was slowed down by the presence of NO. That the measured rate of N 2 O formation increased at all temperatures when NO was added to the NH 3 + O 2 feed (Fig. 5) points towards a participation of NO in the formation of N 2 O.
In the only reported study of ammonia oxidation performed under conditions comparable to the present ones (Rebrov et al. [15, 16] , Pt/Al 2 O 3 , 260-360 • C), the influence of adding reaction products to the feed mixture was not investigated. Moreover, also previous low-pressure kinetic studies of ammonia oxidation [6, 8, 9, 30] were conducted in the binary system NH 3 + O 2 at low conversion (differential reactor). Hence, information about secondary reactions and the influence of products on the kinetics had not been obtained.
Modeling and simulation results
The mechanistic basis of the micro-kinetic models is developed in Section 4.1. Thereafter, the models and respective simulation results are presented (Sections 4.2-4.4) . Finally, the models are discriminated (Section 4.5) and the kinetics are discussed with respect to the achieved description of experimental data (Section 4.6).
Basis of the kinetic models
Kinetic models were set up in the following way: mechanistic models were assembled from literature data (Section 4.1.1), and simplified to reduce the number of kinetic parameters (Section 4.1.2). For the surface species included in the reaction steps, adsorption sites were assigned based on literature data for an assumed Pt model surface, i.e. a representative flat Pt single crystal. Thereafter, rate equations were derived (see Section 2.3.3).
Improvements of the kinetic model, as compared to the models suggested in literature, were guided by the experimental results presented in Section 3. Since adding N 2 O to the NH 3 -O 2 feed did not change the product distribution, secondary reactions of N 2 O can be omitted. In contrast, adding NO to the feed containing ammonia and oxygen should be reflected in the model with an inhibiting term at lower temperatures, and with an increase in the formation of N 2 O. Finally, experimentally observed inhibition of product formation in excess of both oxygen and ammonia is negligible. Hence, the following kinetic models were tested: (A) based on the kinetics for Pt(5 3 3) of Scheibe et al. [8, 10] , (B) based on the best kinetic model for Pt/Al 2 O 3 of Rebrov et al. [16] , and (C) a suggested alternative model.
The results indicate that the assignment of surface species to adsorption sites as well as the terms reflecting NO adsorption are important factors influencing the model quality. The mechanistic basis of model building is briefly introduced below in order to facilitate the subsequent presentation of model details.
Suggested reaction mechanism
The literature summarized below provides the mechanistic framework on an atomistic level, from which the studied kinetic models were build [10, 15] . The reaction steps that have to be considered are adsorption of feed molecules (NH 3 and O 2 ), activation of adsorbed ammonia molecules by H-abstraction, the formation and desorption of reaction products (N 2 , N 2 O, NO and H 2 O), as well as re-adsorption of products and secondary reactions.
General agreement exists that ammonia adsorbs in on-top position on Pt (Pt(1 1 1): [42] [43] [44] [45] ) independent of Pt crystal plane [46, 47] . Ammonia adsorption is assumed to be a non-activated process [10, 15] . The catalytically interesting low-coverage state of adsorbed ammonia desorbs around 30-110 • C [46, 47] , i.e. ca. 200 K below the presently studied temperatures, with an activation energy of desorption of ca. 75-96 kJ/mol.
Adsorption of O 2 on platinum is usually assumed to be dissociative. The reaction has been described as non-activated process with either constant initial sticking probability [16, [48] [49] [50] , or an initial sticking coefficient that decreased with increasing temperature, resulting in slightly negative apparent activation energies (Pt(1 1 1): E A= − 2.6 kJ/mol [51] ; Pt(4 4 3): E A = −7.5 kJ/mol [10] ). Maximum coverage of adsorbed oxygen atoms and initial sticking coefficients vary with Pt crystal plane [51] [52] [53] . Moreover, dissociative oxygen adsorption on Pt is a reversible reaction. Depending on Pt surface and oxygen coverage, activation energies for the recombination-desorption varied significantly between 105 and 215 kJ/mol ( [15] and references therein).
Reactions proposed for the activation of ammonia molecules on Pt surfaces are decomposition [46, 54, 55] , reaction with adsorbed oxygen atoms [56, 57] , and reaction with adsorbed hydroxyl groups, where OH ads is generated by NH x + O interactions [19, [57] [58] [59] [60] . DFT studies [61] confirmed that stepwise abstraction of hydrogen atoms from NH 3 by reaction with O and OH are fast compared to decomposition of NH x , and that the reaction path of ammonia decomposition can therefore be neglected.
The recombination-desorption of adsorbed nitrogen atoms is commonly assumed to be the main route of N 2 formation [10, 15, 16, 31, 62, 63] . Alternative reactions between NH x species forming N 2 and H 2 do not proceed in the presence of oxygen [32] .
Formation of NO is often described as recombination of adsorbed O and N atoms [10, 15] . Depending on the studied Pt surface plane and on temperature, nitric oxide desorbs [ [68] and N 2 [67, 69] , but so far no experimental proof has been obtained for the presence of HNO on the catalyst surface during catalytic ammonia oxidation [10] .
The OH formed in ammonia activation contributes to the formation of water, the only hydrogen-containing product of ammonia oxidation detected in the present study. Water can be formed on the Pt surface via reaction OH + H [48, 70] , via OH + OH [48, 70] , and via NH x + OH [18, 59] . The subsequent desorption is fast, leading to a negligible surface coverage of water under reaction conditions [10, 16, 70] .
Possible secondary reactions of the ammonia-oxidation products NO and N 2 O can be accounted for by dissociative adsorption of N 2 O on the Pt surface, and by molecular NO adsorption followed by the already described reactions of NO ads . Interactions between N 2 and Pt are negligible between 20 and 800 • C [33] . The presented mechanistic framework, in combination with the model simplification discussed below (Section 4.1.2), formed the basis of the studied kinetic models (see Sections 4.2-4.4).
Implementation of the kinetic models and required simplifications
Several features are shared among all tested model: The adsorption of ammonia is modeled by non-activated molecular adsorption [10, 15] , and is assumed to be reversible. Moreover, non-activated reversible dissociative O 2 adsorption [16, [48] [49] [50] 71 ] is supposed (E O 2 ads A ≡ 0). Furthermore, the simplifying assumption is made that the kinetics of oxygen desorption are coverage independent. As implemented by Rebrov et al. [16] and Scheibe et al. [10] , the stepwise ammonia activation by adsorbed atomic oxygen is lumped into one stoichiometric reaction, assuming the first step (NH 3 + O) to be rate determining and a first-order reaction with respect to NH 3 and O. Since both mentioned kinetic studies [10, 16] found negligibly small surface coverage of H and OH, and water desorption is known to be fast, water formation was also included in this lumped reaction step. Production of N 2 and NO is described by the respective recombination reactions (N + N, N + O). While N 2 desorption is fast, adsorbed nitric oxide can either desorb or undergo further reaction, i.e. dissociation or N 2 O formation. Formation of nitrous oxide is accounted for by a surface reaction between N and NO.
The kinetic models differ in the site assignment for adsorbed species. In model A [10] , site uniformity was assumed. Model B [16] considered two energetically different adsorption sites (a and b) ; the site assignment of adsorbed species was inferred from the assumption that the surfaces resembles a flat single crystal Pt(1 0 0). The improved model C also considered two energetically different adsorption sites (a and b), but the site assignment of adsorbate species was based on the known preferences of adsorbates on a Pt (1 1 1) surface. Further differences between the models exist in the fact that re-adsorption of NO is only considered in model C, and that only models A and B contain the NO decomposition step.
An assumption made in the computation is that the surface is a uniform rigid substrate. Moreover, the concentration of active sites on the surface was supposed to be independent of reaction conditions and time, and equivalent to the number of Pt surface atoms. Furthermore, all adsorption sites of one type (a and b) are energetically equivalent, and activation energies are coverageindependent. Finally, axial and radial gradients of temperature and concentration were assumed to be negligible (i.e., isothermal differential reactor in kinetic regime).
Model A
The tested model "A" was based on the kinetics of ammonia oxidation as derived by Scheibe et al. [8, 10] at pressures up to 10 −2 Pa for Pt (5 3 3) . A mechanistic scheme of the model and respective rate equations are given in Fig. 6 and Table 1 , respectively. Energetic uniformity of adsorption sites "a" was assumed. Since formation of N 2 O was observed in the present study, but not at the lower pressure applied by Scheibe et al., an expression for N 2 O formation was added to their model.
Figs. 7a and b shows how the model describes the rate of formation of the main product nitrogen in both the lower and higher reaction-temperature regimes, respectively, as a function of oxygen and ammonia partial pressure. It is evident from the plots that especially at low temperatures, where N 2 is formed almost exclusively, simulated and experimental trends deviate significantly: while the model predicts a decrease in the rate of N 2 formation in large excess of oxygen as well as in large excess Table 1 Model A: reactions, rate equations, mass balance of surface species, adsorption sites Reaction Rate equation
a Reaction for N 2 O-formation added to the published model.
of ammonia, such decrease was not observed experimentally. This inhibition effect by O 2 as well as NH 3 is inherent to the model since both feed species, oxygen and ammonia, occupy the same adsorption site: if one species dominantly covers the surface, the other species is blocked. Since both NH 3,ads and O ads are required to form products, the reaction then ceases. Due to the inability of the model to describe such basic trends as the influence of feed composition on the rate of the formation of the main product, the model was discarded.
Model B
Model B is based on the best kinetic model derived by Rebrov et al. [16] for ammonia oxidation over Pt/Al 2 O 3 near atmospheric pressure. The assignment of adsorption sites [16] followed literature data on Pt(1 0 0), assuming bridge and hollow sites (a: N and O) to be energetically equivalent, and ammonia and NO to reside in on-top positions (b: NH 3 and NO). A mechanistic scheme of model B and the rate equations are listed in Fig. 8 and Table 2 , respectively. Following the original model [16] , NO dissociation was included into the model, but not readsorption of NO. N 2 O formation proceeds via reaction between adsorbed NO and N.
Representative results of the best-fitting solution of the model are given in of N 2 (Fig. 9a), NO (Fig. 9b) and N 2 O (Fig. 9c) , as well as the influence of temperature on the formation of all three products (Fig. 9d) .
The influence of feed composition on rates of product formation is described well for both main products, N 2 and NO. The achieved description for N 2 O is also good, but shows a slight deviation in large oxygen excess. In contrast, the effect of increasing temperature is reproduced well by the model for the formation of NO and N 2 O, but deviates somehow for nitrogen. Overall, a reasonable description of the experimental data is achieved. Nevertheless, due to the lack of a term for readsorption of NO, the model cannot describe two key observations of the kinetic measurements: inhibition of ammonia oxidation at low temperatures by adding NO to the feed containing ammonia and oxygen, and enhanced N 2 O formation in the presence of NO. Table 2 Model B: Reactions, rate equations, mass balance of surface species, adsorption sites Reaction Rate equation
a Rate equation is identical to that of Rebrov et al. [16] , Θ b not included there.
Model C
The model "C" was developed in a similar fashion as model B, but assuming Pt(1 1 1) as a model surface for polycrystalline Pt (model B: Pt(1 0 0) [16] ). The assumption is reasonable, since macroscopic pieces of a fcc metal surface generally expose predominantly the thermodynamically most stable (1 1 1)-type surface planes. This consideration has two important consequences: the site assignment for NO differs from model B, and adsorbed NO does not dissociate on Pt (1 1 1) . In addition, based on the experimental evidence (Fig. 5 ) adsorption of nitric oxide was incorporated into the model. A mechanistic scheme 
NO-a NO + a r 4h = k 4h Θ NO-a 1.24E+00 154.8 155 140 r 4r = k 4r p NO Θ a 2.63E−01 a,c 63.
Adsorption sites-(a) O, N, NO:
c Obtained in separate fitting procedure with r
of model C as well as the respective rate equations are presented in Fig. 10 and Table 3 , respectively. The energetic preferences of adsorbate species on a Pt(1 1 1) surface are known from DFT calculations of Offermans et al. [61] . If each adsorbate reaches the most stable adsorption configuration, two types of adsorption sites are populated on a Pt (1 1 1) surface: hollow sites (by adsorbed O, N and NO) and on-top sites (NH 3,ads ). Accordingly, two different adsorption sites were introduced in the model, sites "a" (O, N and NO) and sites "b" (NH 3 ). Assigning the same adsorption site for oxygen and nitric oxide results in site competition between O and NO, which is also supported by spectroscopic evidence [72, 73] .
Representative results of the best-fitting solution of model C are presented in Fig. 11 in comparison to experimental data, illustrating the influence of feed composition (p NH 3 , p O 2 ) on the formation of N 2 (Fig. 11a) , NO (Fig. 11b) and N 2 O (Fig. 11c) , and the influence of temperature on the formation of all three products (Fig. 11d) .
The influence of feed composition on rates of product formation is described well for all products, although the model predicts slightly too low rates of N 2 O formation in large oxygen excess. Moreover, the influence of raising the temperature is reproduced well by the model for the formation of NO and N 2 O, but deviates slightly for nitrogen. Nevertheless, deviations are smaller than observed for model B. Overall fitting quality is reasonable, i.e. all general trends upon varying temperature and feed composition are described. In contrast to models A and B, model C accounts also for the effect of adding NO to a feed containing ammonia and oxygen, i.e. increased N 2 O formation, and inhibition of ammonia oxidation at low temperature.
Model discrimination
Pronounced difference between the models existed in the description of the relation between partial pressures of ammonia and oxygen, and rates of N 2 formation. While models B and C describe the important trends, i.e. increase of the rate of N 2 formation with an increase of partial pressures of NH 3 and O 2 and reaching a constant high level in the excess of one species, model A predicted inhibition in such a case. The inhibition computed by model A is in contradiction to the experimental data (see Fig. 7 ), hence model A was discarded.
The discrimination between models B and C was based on a comparison of lack-of-fit in the description of formation of the product species N 2 , N 2 O and NO as presented in Table 4 . As evidenced by the lower values for the deviation between experimental and computed data (lower SS L values), a better description was obtained with model C for all products: the simulation with model C was better by a factor of 1.8-2.8 (see F-value in Table 4 ). An F-test (confidence level (1 − α) = 99%) indicated that the differences between models B and C are not significant in the description of N 2 production ("F-test passed", Table 4 ). In contrast, model C described the formation of NO and N 2 O significantly better than model B ("F-test failed", Table 4) . Hence, of all tested models A-C, the latter achieved the best agreement between experimental and simulated rates of product formation.
Discussion
A comparison between the tested kinetic models and the achieved respective description of experimental data reveals insights concerning the role of NO-dissociation for the kinetics of Pt-catalyzed ammonia oxidation. The best fit was obtained with model C that, in contrast to models A and B, did not contain the reaction term for NO dissociation (r 6r in Tables 1-3 ). This, of course, does not allow the conclusion that NO dissociation is not catalyzed at all by Pt foil; nevertheless, the decomposition of nitric oxide appears to be negligibly slow under the conditions of the present ammonia oxidation experiments.
Different factors may contribute to such a low rate of NO dissociation. Most of all, the oxygen present in the feed competes with NO for adsorption sites, reducing NO coverage on the surface. In addition to a surface site for the adsorption of NO, the NO dissociation requires also empty neighboring sites [38, 39, 66, 74] , which can be blocked by adsorbed oxygen as well as NO ads or N ads under reaction conditions of ammonia oxidation. The deduced low relevance of NO decomposition in the reaction system near atmospheric pressure is in contrast to ammonia oxidation studies under UHV conditions [10, 56, 57] , indicating differences induced by the surface coverage at different pressures, a so-called "pressure gap" [19] . Alternatively to the explanation by the effect of high surface coverage, the surface of the studied Pt foil could also resemble the assumed Pt(1 1 1) model surface, a surface plane which is known for its low activity in catalytic decomposition of nitric oxide.
Model C differs from the kinetic models of Scheibe et al. [10] and Rebrov et al. [16] also in another related aspect: it contains an adsorption step for nitric oxide. The experimental data clearly show that NO inhibits the reaction between ammonia and oxygen, and contributes to N 2 O formation (Fig. 5) . Hence, adsorption of NO is an essential part of the kinetic model for the investigated temperature and pressure range.
With respect to the influence of partial pressures of oxygen and ammonia, the experimental data indicated negligible inhibition of rates of product formation in excess of NH 3 as well as O 2 . While models B and C (dual site) described the pressure dependence of product formation well, model A (single site) did Table 4 Discrimination between models B and C, based on lack-of-fit and significance test Product species Degree of freedom of the models Squared sum for lack-of-fit Mean squares for lack-of-fit not account for the absence of inhibition. Hence, the assumption of two energetically different adsorption sites for ammonia and oxygen is reasonable. Literature values of activation energies are listed in Table 3 along with the values derived for model C. It is evident from the data that all values for adsorption and desorption of the feed molecules (1h, 1r, 2h and 2r) agree rather well with literature data. Moreover, also the energy barriers for NO desorption (4h) are almost identical. With respect to the activation energy for the lumped reaction step of ammonia activation to form adsorbed nitrogen (3h) the literature data show a wide scatter, with the present value of 99.5 kJ/mol being in the range of published data. In contrast, for the reaction steps forming the nitrogen-containing products (5h, 6h and 7h) the present model C computes higher activation energies than previously reported ( Table 3 ). All of the three respective reactions have in common that they convert the nitrogen-containing surface intermediate, N ads . Hence, one possible explanation for the computation of too high E A values is that the applied assumption of forming N ads via one lumped reaction step (3h) is oversimplified, and cannot predict the actual temperature influence on the surface coverage of nitrogen with sufficient accuracy. In fact, the complete dehydrogenation of ammonia in one step (although being useful) is a rather crude assumption. From a mechanistic point of view the stepwise dehydrogenation of ammonia by adsorbed O ads and OH ads via NH 2 and NH has been shown by DFT calculations [19] to be the energetically preferred reaction pathway.
Still, the increase in the rate of N 2 formation with increasing temperature was not fully described by all tested kinetic models. Therefore, the corresponding values of activation energy, which account for the temperature dependence of reaction kinetics, may be of limited accuracy. The systematic deviation (predicted rates are too high at low temperatures) indicates that a second temperature dependence was possibly superimposed to the Arrhenius law of chemical kinetics. Such a temperature dependence may, for example, be a change in number or nature of active sites with temperature. Experimental rates of product formation were calculated in the present work assuming a constant number of Pt sites, corresponding to the geometric area of a flat Pt foil surface. This assumption was a necessary simplification, since total surface areas were too low to be measured with the available adsorption techniques.
To verify this assumption of known constant surface area, the catalyst surface was studied by SEM after the kinetic measurements. The respective images are shown in Fig. 12 for the Pt surface after ammonia oxidation at 286, 330 and 374 • C, respectively. A comparison between the three images, also to the image of a fresh Pt foil (Fig. 1) indicates that with increasing temperature a progressing restructuring of the catalyst surface was induced. The major part of the reaction-induced surface restructuring is assumed to occur during the initial period of time-on-stream, i.e. the reported initial activation period. While the surface remained basically flat after ammonia oxidation at 286 • C (Fig. 12a) , parts of the catalyst surface were visibly roughened after reaction at 330 • C (Fig. 12b) . In the high-temperature regime, represented by the image taken after reaction at 374 • C (Fig. 12c) , the complete surface became restructured and faceted. Apparent by the roughening, the surface area of the sample shown in Fig. 12c (374 • C) should be higher than that of the other two samples (Fig. 12a and b) . Hence, the assumption of a known surface area is not fully valid, with the error introduced by the assumption into Eq. (1) increasing with increasing temperature. Measuring the number of active sites as a function of temperature, or at least the catalysts surface area, is desirable, but not feasible due to the small surface area of the samples imposed by the reactor design. Moreover, an influence of the type of surface restructuring (forming facets of different activity, steps, kinks) on the intrinsic catalyst activity cannot be excluded, since ammonia oxidation is known to be structure sensitive. Finally, also the assumption of a uniform surface must be questioned, since the Pt samples did not restructure equally in all areas (Fig. 12b ).
An alternative to determining the surface area experimentally would be avoiding surface restructuring and catalyst activation altogether. This is not feasible, since already for the mild conditions applied in the present experiments (286-385 • C) a significant restructuring of the catalyst surface was induced by ammonia oxidation. Reducing the temperature further to a value where roughening of the Pt surface was negligible (Fig. 12a) would lead to measurements only at temperatures below 300 • C, hence no NO would be formed (Fig. 3d ) and the measured kinetic data would thus remain incomplete.
To test the predictive capabilities of the derived kinetic model, the model was used to compute (differential) selectivities of product formation for conditions similar to those of a typical industrial ammonia burner operating in the mid-pressure range (p total = 4 bar, 10.5% NH 3 in air, 900 • C). Hence, the simulation had to be extrapolated to significantly higher temperatures and pressures than applied in the actual kinetic experiments. The calculated selectivities amounted to 50% for nitric oxide, 49.5% for N 2 and 0.5% for the side product nitrous oxide. The values illustrate the correct trends since they predict NO selectivity to increase with temperature, and only small amounts of nitrous oxide to be formed, although the actual value of NO selectivity is lower than the practically observed 95%. The remaining deviation between simulated and real values in practice may be attributed to using a differential reactor model, to neglected gasphase reactions and mass transfer influences, and to the use of Pt instead of the industrially applied PtRh alloys.
Conclusions
A best-fitting kinetic model was identified that described ammonia oxidation over polycrystalline Pt between 286 and 385 • C and at reactant partial pressures between 1 and 6 kPa better than previously proposed models. It differed from previous models for Pt(5 3 3) and Pt/Al 2 O 3 [10, 16] in the assignment of adsorption sites on the assumed model surface. The influence of feed composition could only be described by postulating two energetically different adsorption sites. Moreover, fitting quality improved when a site assignment corresponding to Pt(1 1 1) was used, compared to assuming a Pt(1 0 0) surface, i.e. adsorbed O, N and NO were assigned to different sites (hollow) than NH 3 (on-top). In contrast to literature, dissociation of N 2 O and NO could be neglected, while molecular adsorption of NO had to be considered in the model to account for site blocking and for increased N 2 O formation with increasing partial pressure of NO.
The influence of feed composition was described well by the simulation, but only moderate agreement was obtained for the temperature dependence. The discrepancy was attributed to an experimentally observed temperature-dependent roughening of the Pt surface, i.e. an increase in surface area, that could not be avoided for the given reaction conditions. Such an extensive reaction-induced roughening of a Pt surface during ammonia oxidation at temperatures as low as 330 • C and emphasizes the need for supplementing kinetic studies by comprehensive catalyst characterization.
An extrapolation of the best kinetic model to reaction conditions typical for a mid-pressure ammonia burner revealed the correct trends in selectivity as compared to industrial practice. Deviations are presumably due to simplifications in the reactor model neglecting processes of heat and mass transfer.
